The arrangement of nanostructures into desired well-ordered architectures is crucial for the realization of functional nanodevices and has been the focus of current nanotechnology. Existing physical and chemical approaches have the ability to assemble nanostructures, but it is still a challenge to arrange basic nanostructures into a highly ordered designed pattern. Here, we report a novel method to integrate tin-doped indium oxide single-crystalline nanocolumns into highly ordered two-dimensional nanopore patterns through radio-frequency magnetron sputtering by the aid of porous alumina membranes (PAMs). We have further demonstrated that the morphology of the assembled nanopore arrays is controllable by adjusting either the PAM configurations or sputtering conditions. Our present method provides the possibility of a general approach for nanounit integration, and these assembled regular nanopore arrays pave the way for the application of novel filters and sensors.
Introduction
Many kinds of basic nanostructure units, such as nanoparticles, nanodots, nanorods, nanowires, nanobelts and nanotubes, have been synthesized under various methods. However, the assembly or integration of these nanostructures into desired well-ordered architectures is crucial for the realization of functional nanodevices and has been the focus of current nanotechnology [1] . The assembly strategies can be classified into two main categories, i.e., the physical and chemical approaches. The physical methods include electric/magnetic field alignment [2] , precisely epitaxial growth [3, 4] , multistep vapour-liquid-solid growth mode [5, 6] , and nanolithographic techniques [7] , etc. Generally, the physical approaches are time-consuming and complex, although large-scale samples with specific patterns can be obtained.
On the other hand, the chemical methods mainly rely on the electrostatic attraction between opposite charges in chemical solution, e.g., polyelectrolytes' adsorption of ions [8] , strong coordination 1 Author to whom any correspondence should be addressed.
interactions of biomolecules (DNA, proteins, etc) with other charged basic nanostructures [9] [10] [11] , and colloidal aggregation [12, 13] . Most of the chemical approaches are based on suspensions, incurring all the contamination problems of wet processing. Extra steps are needed to integrate the chemically assembled nanostructures onto solid substrates by employing, e.g., the Langmuir-Blodgett [14] and surface chemistry modification [15] techniques. This paper reports a simple one-step physical approach to assemble nanocolumns into highly ordered two-dimensional (2D) nanopore patterns through radio-frequency (RF) magnetron sputtering by the aid of porous alumina membranes (PAMs). The demonstration of this integration method has been carried out on tin-doped indium oxide (ITO). As we know, indium oxide (In 2 O 3 ) has a direct bandgap of ∼3.6 eV and has been widely used in solar cells, organic light emitting diodes, gas sensors, and windows that absorb sunlight [16] [17] [18] . In 2 O 3 can also be one of the most attractive conductive oxides for field emission because of its convenience of n-type doping, relatively low electron affinity, high chemical inert- ness, and sputter resistance. As a result, many kinds of In 2 O 3 nanostructures have been fabricated recently, including nanoparticles [19, 20] , nanowires [21, 22] , nanochains [23] , nanofibres [24] , nanobelts [25] , nanotubes [26] and nanopyramids [27] . The present successful realization of 2D nanopores will not only provide a novel assembly method, but also further improve performances and broaden applications of In 2 O 3 .
The basic idea of assembling ITO nanocolumns into 2D nanopores comes from the unique properties of both the sputtering technique and PAMs. Due to controllable adatom mobility and different growth rates along various directions, many kinds of nanoscale microstructures can be synthesized under the magnetron sputtering. The threezone model, proposed by Movchan and Demchishin [28] and later developed by Thornton [29] , can describe well the sputtered microstructures with columnar, tapered, and fibrous grains. Metal [28] (such as Ni, Ti, and W) and oxide (such as Al 2 O 3 [28] , ZrO 2 [28] , ZnO [30] , MgO [31] , and In 2 O 3 [32] ) nanocolumns have been realized under appropriate argon pressures and T / T m values (where T is the substrate temperature and T m is the material melting point). Therefore, as shown in figure 1(a) , ITO thin films with a nanocolumn microstructure can be grown on different substrates. On the other hand, PAMs are versatile templates, which have circle nanopores and hexagonal cells with controllable pore diameter, interpore spacing, and thickness [33, 34] . Figure 1 [35, 36] . During the deposition of sputtered ITO on PAMs with, e.g., Si substrates, these localized negative charges can attract ions, resulting in ITO nucleation and growth along the preferable directions at the PAM top surfaces. Due to the easy arrangement of columns, ITO nanocolumns can be assembled to form a hexagonal cell pattern identical to that of the PAMs, as shown schematically in figure 1(c). We therefore expect that well-ordered and large-scale ITO nanopore arrays (see figure 1(d) ) can be fabricated on the top surfaces of the PAMs.
Experimental details
To realize the above proposal, we first prepare ultrathin PAMs with different pore diameters and thicknesses through a typical two-step anodizing procedure [33] , then transfer free-standing PAMs onto Si(100) substrates [34] , and finally dry the whole specimen for the sputtering of ITO. PAMs with the pore diameter of 30-90 nm and interpore spacing of 100 nm were fabricated through a typical two-step anodizing procedure with aluminium foil as the anode in 0.1 M oxalic acid electrolyte [33, 34] . The unoxided aluminium was removed in a saturated CuSO 4 -based solution and, throughout, freestanding PAMs with controllable pore diameters were obtained by dissolving the barrier layers in phosphoric acid for different times [34] . PAMs with the large pore diameter of ∼170 nm and interpore spacing of ∼350 nm were fabricated by anodizing Al foil in 0.5 M phosphoric acid under 140 V and 0
• C through the same two-step anodizing procedure. A parallelplate RF magnetron sputtering system with a power of 60 W and frequency of 13.56 MHz was used to grow ITO layers. The ITO sputtering target was hot-pressed oxide ceramic (90 wt% ITO and 10 wt% SnO 2 with purity of 99.99%), and the sputtering gas was 99.999% argon. The working chamber was pumped lower than 1×10 −3 Pa before sputtering, and the space between target and substrate was fixed at a short distance of 2.6 cm. The substrate was heated to 180
• C before deposition and, during sputtering, the substrate temperature was also kept at 180
• C and the argon pressure was 0.5 Pa with a deposition rate of ∼3 nm min −1 . After sputtering, the specimen was naturally cooled to room temperature in the chamber.
Results and discussion
The evidence for the nanocolumn growth of the sputtered ITO can be observed directly in high-magnification fieldemission scanning electron microscope (FE-SEM by Philips XL30FEG) images. The top view image (figure 2(a)) clearly demonstrates that the sputtered ITO has many nanopores surrounded by nanoscale grains with a size of ∼15 nm on the surface. The as-prepared specimens were cut to observe the cross section of ITO nanopores on top of the PAM under FE-SEM ( figure 2(b) ), which reveals that these grains have a nanocolumn microstructure with a height of ∼50 nm. The nanocolumn nature of ITO grains can be further confirmed by high-resolution transmission electron microscope (HRTEM by JEOL JEM-2100F) images of both the top surface (figure 2(c)) and the side view ( figure 2(d) ), where good arrangement of the nanocolumns and interfaces of the ITO grains can be observed clearly, and the size, shape and arrangement of these sputtered ITO nanocolumns are consistent with the FE-SEM observations. During HRTEM measurements, the ITO layer was removed from the PAM by dissolving the PAM layer in diluted alkaline solution and transferred onto the copper grid to observe the top surface of the ITO nanopores, while, for the observation of the side surface, the free-standing ITO nanopores were ground and dispersed onto a copper grid.
It is interesting to note that the top surface of a single ITO nanocolumn displays pyramid-like morphology with ∼5 nm high triangular facets (see figures 2(b) and (d)). The small facets can be indexed to the In 2 O 3 (222) planes with clear interplanar spacing of 0.290 nm through the HRTEM image of figure 2(e). The formation of triangular facets is due to the fact that, during the crystal growth of In 2 O 3 , the (222) plane with slower growth rate tends to appear as facets over the fastgrowing plane, which has been demonstrated in the synthesis of In 2 O 3 nanopyramids [27] . The atomic-resolution HRTEM [21, 22] , nanofibres [24] , and nanobelts [25] , with the different configurations being due to the various growth conditions.
The above arguments clearly demonstrate that we have successfully assembled the 2D ITO nanopores from wellarranged nanocolumns. In fact, benefitting from the large-scale fabrication of the PAMs [33] , the synthesized samples have a surface area of over several square centimetres. Figure 3(a) displays the top view FE-SEM image of ITO nanopores on top of a PAM, which reveals the two-layer structure, i.e., the top ITO nanopore layer and the bottom PAM layer. The enlarged top view morphology of ITO nanopores ( figure 3(b) ) reveals a highly ordered hexagonal pattern with a pore size of ∼50 nm and interpore spacing of ∼100 nm, confirming that the 2D ITO nanopores basically copy the PAM surface morphology. It should be noted that nearly all of the ITO deposits on top of the PAM, which is totally different to the growth process of nanodot arrays using PAMs as templates [33] . What is more, the ITO nanopores can be taken from the PAM intact, and transferred onto different substrates, such as Si substrates, as shown in the inset in figure 3(b) . HRTEM observation ( figure 3(c) ) can further confirm the assembly of ITO nanopores with regular interpore spacing and pore diameter, where the short white lines with a length of ∼10 nm are the interfaces of ITO nanocolumns. The successful assembly of highly ordered and large-scale 2D ITO nanopores is due to the electronic attraction between the localized charges in PAMs and the sputtered well-arranged ITO nanocolumns, as proposed in the schematic diagram of figure 1.
We have further characterized the microstructure of the obtained 2D nanopores with the aid of x-ray diffraction (XRD by Bruker D8 ADVANCE system) and energy dispersive spectroscopy (EDS). The two diffraction peaks in figure 3(d) can be attributed to the (222) and (400) planes of the cubic In 2 O 3 structure of Mn 2 O 3 (I) type, with a cell constant of 1.012 nm [32] . We note that the strongest diffraction peak of the ITO nanopores is (400), while in bulk In 2 O 3 the strongest peak is (222) with a relative intensity of the (400) Since the origin of the 2D nanopore formation is due to the electronic attraction between the localized charges in PAMs and the sputtered ITO nanoscale microstructures, we can control the integration process by adjusting either the PAM configurations or sputtering conditions. PAMs with controllable pore diameter, interpore spacing, and thickness can be fabricated easily under different anodizing voltages and electrolytes [33] . Figure 4 presents the effect of PAM pore diameter and interpore spacing on the morphology of ITO nanopores synthesized under the same RF magnetron sputtering conditions. For a small PAM pore diameter of ∼30 nm and interpore spacing of ∼100 nm (40 V and 0.1 M oxalic acid), the cross-sectional FE-SEM image of figure 4(a) reveals clearly that the ITO nanopores are on top of the PAMs, and the top view ( figure 4(b) ) demonstrates the yielded highly ordered hexagonal ITO nanopores with a pore diameter of ∼25 nm and interpore spacing of ∼100 nm. When the PAM (40 V and 0.1 M oxalic acid) pore diameter is broadened to ∼90 nm in 5 wt% phosphoric acid for 60 min, as shown in figure 4(c) , the ITO nanopore layer can still copy the morphology of the PAM with a large pore diameter (∼60 nm) ( figure 4(d) ). The narrow PAM sidewall (∼10 nm) restricts good arrangement of the attracted ITO nanocolumns, limiting the pore diameter of the yielded ITO nanopores.
With much larger pore diameters of PAMs (e.g., ∼170 nm with ∼350 nm interpore spacing under 140 V and 0.5 M phosphoric acid), further increases of ITO nanopore diameter (∼140 nm) and interpore spacing (∼350 nm) have also been realized (see figures 4(e) and (f)). Since nearly all of the ITO sputters on top of the PAM (see e.g., figures 4(a) and (e)), the effect of PAM thickness can be neglected in the assembly of ITO nanopores. Our high-magnification FE-SEM and HRTEM observations confirm that all of the above tunable ITO nanopores are assembled from nanocolumns. This is reasonable, since they are all synthesized under the same sputtering conditions. The controllable morphology of the ITO nanopores by PAM configuration demonstrates not only the origin of the present 2D nanopore formation, but also the feasibility of the novel nanostructure assembly method. In addition to the PAM configurations, the sputtering conditions, especially the growth temperature and argon pressure, will also play key roles in the integration of 2D ITO nanopores. Figure 5(a) shows the surface morphology of the sputtered ITO layer under the same growth conditions as in figures 2 and 3, except that the substrate temperature is 250
• C. It is found that the deposited ITO microstructure transforms from nanocolumns into faceted grains under higher temperatures, and that the height of the triangular facets even reaches 20 nm, as shown in the HRTEM image of figure 5(b) . Both the enhanced surface and bulk diffusion ability of sputtered species contribute to such a microstructure transformation, which is consistent with the three-zone model [30, 31] . The ITO-faceted grains with an average grain size of ∼25 nm are hard to arrange regularly on top of the PAM, compared with that of the ITO nanocolumns (see figure 2(d) ). It is the large faceted grains and irregular arrangement that lead to the observed small and nonuniform 2D ITO nanopores in figure 5(a) . In fact, low growth temperature is helpful for obtaining nanocolumns using the sputtering technique [30, 31] , except for the poor crystallization of ITO under too low a temperature [37] .
The argon pressure is usually kept in the range 0.3-5.0 Pa while sputtering oxides [29] [30] [31] [32] . High argon pressure will cause scattering of the energetic reflected species, which does harm to the preferable growth of the ITO nanocolumns. • C and 1.0 Pa. It can be seen that some nanopores are even clogged due to the scattering effect ( figure 5(c) ) and that the arrangement of the ITO grains is also not regular ( figure 5(d) ). Therefore, highly ordered 2D ITO nanopores should be assembled from the well-arranged nanocolumns, which requires optimal substrate temperature and argon pressure during magnetron sputtering.
Conclusions
In summary, we have proposed and realized a simple onestep approach for assembling single-crystalline tin-doped ITO nanocolumns into highly ordered and large-scale 2D nanopores through RF magnetron sputtering with the aid of versatile porous alumina membranes. Single-crystalline ITO nanocolumns were synthesized at an appropriate substrate temperature and argon pressure with the preferable [100] growth orientation. These easily arranged nanocolumns can be assembled into regular 2D nanopores through the electrostatic attraction of the localized charges in PAMs.
We have further demonstrated that the morphology of the assembled ITO nanopores is controllable by adjusting either the PAM configuration (pore diameter and interpore spacing) or the sputtering conditions (substrate temperature and argon pressure), revealing that highly ordered 2D ITO nanopores should be assembled from the well-arranged nanocolumns. It should be noted that the as-synthesized regular 2D ITO nanopores are assembled from nanocolumns at a significant percentage (near 100%) of yield without any other formation of ITO. The assembled regular ITO nanopores pave the way for the application of novel filters and sensors due to the large surface area and well-arranged nanocolumns. According to the proposal schematized in figure 1 , it is clear that the present technique provides the possibility of fabricating nanopore arrays of other materials. For instance, we have also integrated ZnO grains into highly ordered nanopore arrays utilizing both the sputtering technology and a PAM template [38] . In addition, the crystalline semiconducting ITO nanopores have great advantages over amorphous PAMs, especially in the conductive and optical properties. Through epitaxial growth on the lattice planes, high-quality heterojunction nanostructures [3] can even be fabricated using ITO nanopores.
